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Introduction
Biometric security is increasingly becoming an important tool to enhance security and bring greater convenience to services requiring authentication and protection of data. Deploying biometric security using physical or behavioral traits for personal verification and identification [1] is useful in various applica- 5 tions such as forensic science or access control thus resulting in an increase of research interest. Several modalities have been studied and developed including iris, face, gait, key-stroke, finger-print and palmprint [1] where some of them are already well known and widely used depending to the application domain.
The main factors of merits of palmprint images include reliability, stabil-10 ity, user friendliness, non-intrusiveness, flexibility and discriminating ability.
These factors arise from a large selection of unique palmprint features including principal lines, wrinkles, ridges, minutiae points and texture. Although, palmprint recognition has been investigated during the last decade, this paper aims to further improve the recognition accuracy, specifically by using multi- 15 spectral imagery that provides more discriminating information in the feature extraction. The multi-spectral palmprint images are collected under different spectra (called also spectral bands) peaking at different light wavelengths. The absorptive and reflective of human skin properties make different wavelengths penetrate the skin layers differently, hence highlight particular features [2] . 20 Various palmprint recognition methods have been proposed recently, and among them, coding-based approaches using multi-spectral palmprint images are attractive owing to their high recognition rates. In this research work, we propose a novel multi-spectral palmprint recognition approach based on oriented multiscale log-Gabor filters with the aim to further improve the perfor- 25 mance of these approaches. The proposed approach enhances the recognition performances by proposing novel techniques at the three stages of a typical biometric cognition process: (i) using bitwise competitive coding, the feature extraction is based on a multi-resolution log-Gabor filtering where the final feature map is composed by the winning codes of the lowest filters' bank real 30 response. (ii) Matching is performed by using the bitwise Hamming distance and the Kullback-Leibler divergence as novel metric to capture efficiently the intraand inter-spectral similarities between palmprint feature maps, at this stage, we have performed, through two novel features fusion techniques, a fusion of the feature maps in order to eliminate the inherent redundancy of neighboring 35 spectral bands features. (iii) Finally, the decision is carried out either from the obtained fused features similarity scores or from the classic fusion of the scores of different spectral bands aiming reduce overlapping. The experimental results obtained using the multi-spectral palmprint database MS-PolyU have shown that the proposed method achieves high recognition accuracy for mono-spectral and 40 multi-spectral datasets for both verification and identification achieving up to 0.0087 in terms of Equal Error Rate (EER) and 99.77% in terms of highest Identification Rate (IR) at rank-1, respectively. In addition, the proposed method outperforms related state-of-the-art methods especially the similar method proposed in [2] by up to -0.0034 in terms of EER for MS-PolyU database; and also 45 the methods proposed in [2, 3, 4, 5, 6, 7, 8] .
The remainder of this paper is as follows: Section 2 depicts related and relevant state-of the-art works. Section 3 describes in detail the proposed methodology including the principle of a multi-spectral palmprint recognition system, the feature extraction, the matching and the fusion strategies while the exper-50 iments and results carried out to validate the proposed methodology are given in Section 4. Finally Section 5 concludes the paper.
Related works
A crucial step in a typical palmprint recognition system revolves around the feature extraction process which aims to provide and capture the most discrim-55 inating information from the extracted Region Of Interest (ROI). To achieve this, several available algorithms can be grouped as follows: structural-based approaches (e.g. minutiae based on SIFT or SURF features, lines based on Sobel/Canny features, and local line directional patterns) [9, 10] , appearancebased approaches (e.g. sub space-based on EigenPalm and PCA) [11] , statistical-60 based approaches (e.g., Gabor and Wavelet) [12, 2] , coding-based approaches (e.g. phase such as palm-code) [13] , and finally hybrid-approaches since they use various techniques (e.g. 2D FLPP) [14, 15] . recognition method based on a double half-orientation where a bank of half-Gabor filters are defined for the half-orientation extraction. Another palmprint recognition method was proposed in [8] using a double-orientation code based on Gabor filters and nonlinear matching scheme. The proposed methods in [7, 8] have been assessed on multi-spectral palmprint MS-PolyU database.
95
Competitive coding is the association of a filtering process which exploits neurophysiology-based Gabor function to capture the discriminative orientation information with a competitive rule: winner-takes-all using the palm line contrast. It is a state-of-the-art texture-based feature extraction algorithm widely used and is inspired from human vision's system [16] which tends to compare 100 palm lines as a method/tool to compare palm images. These lines: (i) are specific multi-scale features since the principal ones are robust and well represented at large scales whereas wrinkles at smaller ones may appear or disappear with changes of lighting, (ii) can be categorized as positive when they are bright or as negative when they are dark [23] .
105
In the spatial domain, a 2D Gabor function is a Gaussian multiplied by a complex exponential and can be seen as a Gaussian shifted from the origin in the Fourier domain. Its mathematical properties such as the smooth infinitely differentiable shape, the monomodal modulus and the highly joint localization in space, orientation and frequency make it a good choice for various image 110 processing applications. In addition, 2D Gabor function can be used as a model which follows as much as possible the neuroscience knowledge on the simple cells receptive field's properties of the Primary Visual Cortex (V1) of primates on the statistics of natural images [24] .
However, this function has a few drawbacks: (i) non-orthogonality which 115 implies non-invertibility witch is not really a problem in our feature extraction use, (ii) its deficiency to cover uniformly the mid frequencies as it is a bandpass filter, (iii) its bad coverage of low and high frequencies due to an excessive overlapping, and (iv) the non-zero DC component which increases as the bandwidth is widened resulting from the tails' overlapping of the sum of two Gaussians 120 centered at plus and minus the central frequency.
It is worth noting that natural images are better encoded using filters having transfer functions which are Gaussian viewed on the logarithmic frequency scale [25] . Therefore, a log-Gabor can be a better alternative to the Gabor filtering since its transfer function is viewed on the logarithmic frequency scale including 125 the constraint of the maximum bandwidth which limited to approximately one octave on Gabor filters which is not optimal if one is seeking a broader spectral information with maximal spatial localization. Therefore, that log-Gabor filters can offer attractive power especially in image feature discrimination.
In this paper, we have chosen a multi-resolution approach which is justified 130 by the properties of the palmprint lines discussed previously and by a physiological basis claiming that, for each location of a palmprint image, there are cells that cover at least three scales over a minimum of four octaves [26] in addition of an improved principal line's representation at large scales.
Finally, our proposed approach aims to improve the efficiency of the com-135 petitive coding for palmprint recognition by using a multi-resolution log-Gabor feature extraction scheme. This is achieved by proposing and combining two matching processes on the same feature to enhance the generated matching scores using a new fusion scheme of the different spectrum features.
Proposed methodology
This section describes the proposed multi-spectral palmprint recognition process, feature extraction, coding and matching processes including the fusion strategy at the score and feature levels. The multi-resolution log-Gabor filter is employed at the feature extraction stage to extract an indexed feature map based on the competitive rule and encoded in Gray binary code as listed in 145 Table 1 where the matching score between the final feature maps is computed using bitwise Hamming distance and Kullback-Leibler (KL) divergence on each spectral band of the multi-spectral database used. In other words, this score fusion is proposed to enhance the mono-spectral accuracy. Finally new feature's map fusions are proposed to further evaluate and appreciate the multi-spectral 150 discriminating efficiency.
Multi-spectral palmprint recognition process
The multi-spectral palmprint recognition system is illustrated in Figure 1 where the user's palms are captured under four different lights: Red, Blue, Green and Near Infra Red denoted NIR. The corresponding ROIs are extracted 155 as shown in Figure 2 . A feature extraction is then carried out of the ROIs to compute the resulting set of features which are stored in a reference database at the enrollment step. At the recognition stage, the same procedure is used to extract the set of features of a given user and matched against the features from the reference database. A similarity score is finally employed so that a decision 160 of accepting or rejecting the requested user is made.
Feature extraction

Competitive code uses the orientation and type of line information based on
Gabor filters and winner-takes-all rule. It operates as follows: the argument of the minimum real intensity value of the filtered image pixels (in the same spatial 165 position) among the six filtered images is considered to be the pixel's value in the processed image [16] .
The proposed feature extraction scheme is inspired and based on the competitive orientation coding where the dominant orientations of the multi-resolution (scales and orientations) log-Gabor coefficients are encoded. We propose to among the 24 filtered images will serve to compute its new value in the indexed image [16] .
The log-Gabor filter bank frequency response is given by:
LG
where (ρ, θ) represents the polar coordinates, f 0 is the center frequency of the filter, θ 0 is the orientation angle of the filter, σ ρ determines the scale bandwidth and σ θ indicates the angular bandwidth.
185 Figure 3 illustrates the filtered images along four scales and six orientations obtained using the bank of 24 log-Gabor filters applied on a ROI image under the Green spectral band.
The winner scale and orientation indexes for each element from the filtered images, denoted s o , can be computed as:
where I is the palm image, lg (fs,θo) is the spatial filter response at scale s and orientation o. (x, y) represents the spatial location of each element and * is the 190 convolution product.
Therefore, the feature vector of each palm contains a five bit code of the winer indexes at each element as listed in Table 1 allowing us to make a bitwise representation of the corresponding 24 states (4 scales and 6 orientations) of the multi-resolution filters indexes [16] .
195 Figure 4 shows the feature maps extracted from the ROI images in Figure   2 . The different gray values represent different orientation features. 
Matching process
The matching process as follows: given two palm features with one stored in the template (gallery set)and the second from the probe set, a similarity score 200 is measured to check whether the features are extracted from the same palm or not. Therefore this subsection will deal with two similarity measures used in the matching process. First, a bitwise Hamming distance is used so that our results can be compared against those of Zhang et al. [2] . Second, KL divergence metric is adapted and used to further improve the recognition rates. The best scores 205 for both methods were measured by taking care of reducing the translation's 
Hamming distance
Hamming distance is the sum of a basic XOR logic operations between the two maps normalized to values lying between 0 and 1 so that a distance value of 0 represents a perfect match while a value of 1 represents a perfect difference.
The normalized bitwise Hamming distance is given by:
where P and Q are the stored and the tested multi-resolution palmprint feature maps, respectively. P b i and Q b i are their i th bit plane. N and M are the size of the palmprint image and (x, y) indicates the element's location, respectively.
Kullback-Leibler divergence 215
The KL divergence is a frequently used information-theoretic distance metric [27, 28] . It is computed from the expected P and the observed Q intensity distributions. In our case, these probability distributions are replaced by the multi-resolution feature maps. The KL divergence between the two maps is given by:
where P i (.) and Q i (.) are the vectors of size (1 × M N ) of the stored and tested multi-resolution palmprint feature maps P and Q, respectively.
The major properties of d KL [27, 28] are: (1) its values are strictly positive if the observed and expected maps are not equal (i.e., P = Q), (2) on the other hand, the value of d KL is equal to 0 if the maps are exactly similar.
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In this study, a normalization of D KL is performed to allow a comparison of two distances as follows:
where D KL is the normalized distance. min(d KL ) and max(d KL ) are the minimum and the maximum of the non-normalized d KL , respectively.
Inter-spectral and Intra-spectral analysis
The use of multi-spectral database aims to enhance the recognition rates versus mono spectral counterpart by adding more discriminative information 225 content to the feature vectors. However, this comes at the expense of inherently adding more redundancy which can be counter-productive if not dealt with appropriately. A quantitative study of this inter-spectral correlation has been carried out on the palmprint extracted feature maps. Therefore, a log-Gabor mono-spectral feature extraction is performed and the inter-spectral distances 230 using bitwise Hamming and KL distances in (3) and (5) are calculated for the same palm. Table 2 summarizes the inter-spectral distances statistics whereas Table 3 shows the intra-spectral counterparts. The majors finding from these statistical 
Fusion schemes
Despite the redundancy factor, a multi-spectral analysis is used to enhance the system performances. Therefore, several fusion schemes were proposed to achieve this goal while still keeping the added information captured from the The basic mean distance, denoted d m , is defined as:
where M P i and M Q i are the palmprint feature maps of P and Q, respectively, 260 at i th kind/band, and k is the total number of kinds. D is Hamming or KL distance.
We can also define the weighted mean distance, denoted d wm , as:
where
The two last fused scores are computed using both equations (6) and (7) but with a new normalized distance D = W overlap D proposed in [2] (equations (5) and (6) spectral band on two different spectra, the two obtained maps would get rid of the similarities over each spectral band but fusing these maps by summing them would sometimes lead to a misclassification due to redundancy. For this is reason, our fused scores would be better implemented using logic AN D between the resulting XORed maps. This would ensure that two feature elements having 280 the same value in different spectral bands will be zero'ed Ii.e., eliminated) after the XOR and will not be considered in the last fused score.
Let us consider two types of feature maps M P i where i = 1, 2 for two samples {P, Q}. The fused score, denoted as D (M F ) ∧ , would be:
where ∧ is the AN D logical operator and D is the distance used.
The second feature maps fusion method is concerned with a scheme based on logic and arithmetic operators aiming to reduce the overlapping effect in the fused feature maps. The idea is similar to the previous one, but a notion of inter-spectral difference between two bands' maps was considered in this case.
Therefore, it makes sense to employ logic operators when dealing with Hamming distance to deal with binary values. In addition, an inter-spectral distance is added to the scheme used above. However, the arithmetic operations were applied for KL divergence having real values. An example of the fusion of two bands' maps is given by equations (8) and (9) for Hamming and KL distances, respectively:
where ∧ is the AN D logical operator.
where M is the vector of size (1 × M N ) of the feature map. The second part 285 of the two equations above represents the difference between spectrums.
Experimental results, analysis and discussion
In these experiments, we have evaluated the performance of the proposed palmprint recognition approach using the multi-spectral palmprint MS-PolyU database described in Section 4.1. Experimental results obtained for both veri-290 fication and identification modes are analyzed and discussed in Section 4.2 and 4.3, respectively. These results are obtained for the mono-spectral and multispectral cases including the use of the proposed fusion techniques described in Section 3.5. In addition, the results are also compared against the state-of-theart methods in order to demonstrate the effectiveness of our proposed method.
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Section 4.4 discusses and analyzes the speed performance of our method.
Multi-spectral database
The multi-spectral palmprint MS-PolyU database described in [30] consists The ROI multi-spectral database contains also the ROIs extracted from the multi-spectral palmprints database. Each ROI is a square sub image of a fixed size: 128×128 represented in a coordinate system and extracted by the algorithm 310 described in [12] .
Mono-spectral verification and identification
The inter-spectral analysis shows that each spectral band can highlight its discriminative information to enhance the overall system recognition accuracy, thus suggesting that each spectrum should have its own parameters to provide 315 the best segregated feature maps. This section aims to investigate and determine these parameters to obtain the lowest EER and the highest accuracy (ACC)
corresponding to the threshold of EER where the False Rejection Rate (FRR)
is equal to False Acceptance Rate (FAR), for the verification, the highest IR at rank-1 for the identification on each band. We note here that EER is computed 320 in the range of [0,1] where IR and ACC are computed in terms of '%'.
The best combination of the four filter parameters is investigated, i.e., the center frequency f 0 , scale bandwidth σ ρ , the angular bandwidth σ θ , and the scaling factor between the successive filters. Our choice of both bandwidths σ ρ and σ θ was inspired by [31] where the purpose was to be as close as possible 325 to the physiological knowledge of simple cortical cells which are known to be organized in quadrature pairs of phase strengthening the complex filter values. Table 5 shows the identification results based on IR at rank-1 of the proposed methods for each spectral band. From the results it can be noticed that the 350 method using bitwise Hamming distance slightly outperforms the method using KL distance for the four spectral bands, but still remains comparable. 
Multi-spectral verification and identification
The fusion approaches described in Section 3.5 were analyzed in terms of their performances to improve the recognition of the mono-spectral palmprint 355 recognition. Table 6 depicts ∧KL . This is due to the considerable overlapping removal using D
∧KL which resulted in a decrease of discriminative properties. Finally, the best result corresponding to the lowest Table 6 : Multi-spectral verification results of the proposed methods with the state-of-the-art method in [2] for different fusion methods across different spectral band combinations. The results are given for all possible combinations of the spectral bands using the fusion techniques discussed in Section 3.5. The first four fusion techniques are the state-of-the-art score fusion schemes and the two last ones are our proposed feature fusion methods. The results are given in terms of EER.
Fusion methods
Blue & Green where the best EER is 0.0121 obtained using the score fusion scheme to reduce overlapping, our proposed approach offers significantly better performance.
The Receiver Operating Characteristic (ROC) curves for different spectral bands are shown in Figure 5 where the best results for the verification mode is We have also compared our proposed approach based on oriented multiscale log-Gabor filters against the state-of-the-art methods. Table VII shows the best verification results obtained versus the results from the following state-of-the-400 art methods: (i) palmprint verification method based on line orientation code in [3] , (ii) a joint palmprint and palm-vein recognition method based on Gabor filter in [4] , (iii) multi-spectral palmprint recognition method based on Gabor filter using rank-level fusion in [5] , (iv) multi-spectral palmprint recognition method based on Gabor filter using competitive code with score-level fusion 405 in [2], (v) palmprint recognition method using the extended binary orientation co-occurrence vector coding [6], (vi) palmprint recognition method based on double half-orientation using a bank of half-Gabor filters, and (vii) palmprint recognition method based on Gabor filter using a double-orientation code with nonlinear matching scheme [8] . Table 7 shows the best verification results of 410 these methods obtained using PolyU and MS-PolyU palmprint databases. From the results obtained, it can be noticed that our method based on 2D log-Gabor with KL distance achieves a lower EER compared against the rest of the stateof-the-art counterparts (i.e. [2, 3, 4, 5, 7, 8] ). In addition, our second method based on 2D log-Gabor with bitwise Hamming distance outperforms the Zhang's 415 method based on Gabor filter with bitwise Hamming distance in [4] . This is due to the deployment of log-Gabor filter which integrates both scale and orientation information compared to a conventional Gabor filter.
Furthermore, we have assessed the identification performances of the proposed methods. Table 8 illustrates the identification results in terms of IR at 420 rank-1 for different fusion techniques across different spectral band combinations. It can be seen that the fusion approaches have improved the identification rates at rank-1 than mono-spectral identification (see results in Table 5) with a best IR at rank-1 of 99.77% obtained for the combined spectral bands:
Blue-Green-Red-NIR, using 'log-Gabor+D KL ' method with the second fusion 425 approach of feature maps (i.e., D (M F ) ∧KL ). In addition, the proposed methods, 'log-Gabor+D Hamm ' and 'log-Gabor+D KL ' achieve similar identification performances. Figure 6 shows the Cumulative Match Curves (CMC) depicting only the best results of the proposed methods. We can see that the result of the fusion 430 obtained using KL distance is higher than the results obtained for each spectral band using bitwise Hamming distance. Once again, this confirms that the proposed fusion technique has enabled us to improve significantly the identification performances of our proposed recognition system.
Speed performance 435
The proposed method was implemented using MATLAB R2014a on a Mac-Book Pro with OS X El Capitan, Intel Core i7 CPU (2.8 GHz) and 16 GB RAM.
The execution time for feature extraction and feature matching steps is listed in is acceptable and enough to design a real-time application. It is to be noted that the run times were obtained from a simple implementation without any effort to optimize the implementation. This suggests that it is possible to further reduce the computational time by optimizing the program code.
Conclusion
450
This paper has discussed a new multi-specral palmprint recognition approach based on oriented multi-scale log-Gabor filters and bitwise competitive coding.
We have also proposed a novel matching process that employs the bitwise Hamming distance and the KL divergence allowing us to capture efficiently the similarities between palmprint feature maps generated using 2D log-Gabor filters 455 with bitwise competitive code. Secondly, we have proposed two fusion techniques of feature maps for matching step in order to to eliminate the inherent redundancy of features of neighbouring spectral bands. The experimental results on MS-PolyU database have shown that the proposed approach achieves Step 1 : Feature extraction 0.2235 × 4 0.0197 × 4
Step 2 : Feature matching
(1) based on score level fusion scheme -using bitwise Hamming distance 0.0815 . 10 −3 × 4 (0.0561 . 10 −3 ) × 4 -using proposed KL distance 0.0014 × 4 /
(2) based on feature map fusion scheme -proposed fusion method 1 (with Hamming) 0.0057 / -proposed fusion method 1 (with KL) 0.0173 / -proposed fusion method 2 (with Hamming) 0.0073 / -proposed fusion method 2 (with KL) 0.0339 / improved mono-spectral and multi-spectral performances for both verification 460 and identification modes. The proposed technique also outperforms the stateof-the-art methods, in particular, the method in [2]. Our future work is to focus on improvement of the feature extraction by studying the different oriented multi-scale representations [32] with a view to be able to further capture the discriminative information of the orientations in addition to the scales. 
